Objective: In this study, muscle involvement assessed by MRI and levels of GMPPB and glycosylation of a-dystroglycan expression in muscle were examined in patients with limb-girdle muscular dystrophy (LGMD) type 2T.
Limb-girdle muscular dystrophy (LGMD) designates a heterogeneous group of more than 31 muscle disorders characterized by weakness and atrophy of the proximal muscles of the shoulder and pelvic girdles. 1 Recently, a new gene (GMPPB), responsible for causing both LGMD type 2T and congenital muscular dystrophy (CMD), was identified.
2 GMPPB codes for the protein, guanosine diphosphate (GDP)-mannose pyrophosphorylase B (GMPPB), which catalyzes the formation of GDP-mannose, required for glycosylation of proteins and lipids, including a-dystroglycan. a-dystroglycan is part of the dystroglycan protein complex, which forms a critical link between the contractile elements and extracellular matrix in muscle cells. It is important for cell stability and membrane integrity. 3 Mutations in GMPPB lead to hypoglycosylation of a-dystroglycan.
2 Approximately 40 patients with GMPPB mutations and muscular dystrophy have been reported worldwide with phenotypes equally distributed between LGMD and CMD. 2 The majority of the patients with the LGMD phenotype are able to walk short distances. Patients with GMPPB deficiency and CMD have been described with hypotonia, epilepsy, intellectual disability, cataracts, cardiomyopathy, cerebellar/ pontine hypoplasia, and neuromuscular junction dysfunction. [4] [5] [6] However, phenotypic characterization in patients with the LGMD phenotype, especially knowledge about the pattern of muscle involvement, is lacking. We therefore studied 6 new cases of LGMD2T clinically, by MRI, with immunohistology and Western blotting, and estimated the prevalence of LGMD2T among
LGMDs in Denmark.
METHODS Standard protocol approvals, registrations, and patient consents. Participants. Six patients from nonconsanguineous parents and with genetically verified LGMD2T were included. For demographic data, see MRI. The MRI protocol included T1-weighted brain and wholebody examination. Four cross-sectional slices were chosen for the evaluation of muscle involvement (figure 1). Replacement of muscle by fat was scored using the Mercuri scale. 7 Muscle biopsy and molecular examinations. Muscle biopsies were procured from the tibialis anterior or deltoid muscles and were analyzed immunohistochemically for glycosylated a-dystroglycan and merosin and by Western blotting for GMPPB and a-dystroglycan, using standard protocols. 8 The Copenhagen Neuromuscular Center is a national referral center for people affected by muscle diseases, and 201 patients are registered with LGMD, including 23 unclassified cases. The 23 unclassified Danish patients and the 3 French and 3 Danish patients reported with LGMD2T were tested for aberrations in GMPPB using exome sequencing technology. A prevalence of LGMD2T in the Danish LGMD cohort was calculated as follows: number of Danish LGMD2T patients/total number of patients with LGMD in the cohort. Mutations in GMPPB in the Danish participants were confirmed by whole-exome sequencing on DNA samples at the Broad Institute's Genomics Platform, using Illumina exome capture, 38-Mb baited target, and the Broad's in-solution hybrid selection process, and confirmed by Sanger sequencing. Sanger sequencing with bidirectional sequencing of amplicons using a Big Dye terminator was used in the French participants. RESULTS Clinical characteristics. Onset of disease varied from 5 to 30 years of age (table). All participants presented with first symptoms related to difficulties in running and climbing stairs. Two women (cases 3 and 4) complained of fatigability and worsening of motor deficit after exercise. Five were ambulatory, but 3 of them used wheelchair outside. Strength testing showed hamstrings and hip flexor muscles to be most affected, with some asymmetry (figure 2). Four had hypertrophy of calves. None had symptoms from eyes or dysphagia, and only one had mildly affected left ventricular ejection fraction on echo.
MRI. Brain MRI was normal in all participants. The lumbar erector spinae muscle was the most severely involved muscle in all participants (figures 1 and 2). The second most affected muscles were hamstrings, which were more involved than anterior thigh muscles in all patients. We found an age-dependent gradient of muscle involvement, but no correlation between disease duration and level of muscle involvement.
Muscle biopsy. All muscle biopsies showed dystrophic changes with ring fibers, increased fibrosis, necrosis, and multiple regenerating fibers. Surprisingly, GMPPB protein was not downregulated on Western blotting (figure 1) from 2 participants, while merosin was absent (data not shown).
Immunohistology demonstrated that glycosylation of a-dystroglycan was reduced to a spotty presence in myofibers using the IIH6C antibody, but not with the VIA4 antibody, except for 1 case (figures 1 and e-1 at Neurology.org/ng), while merosin expression appeared near normal.
Molecular findings. The mutations in GMPPB found in 4 of the participants have previously been described as pathogenic variants. [4] [5] [6] One participant (case 3) was compound heterozygous for 2 new variants in GMPPB, and case 6 had 1 new mutation not present in the databases, such as Exome Variant Server and 1000 Genomes Project. The c.1039_1043dup (p.Ile349Serfs*) mutation is inherently pathogenic due to a frameshift, and the mutations, c.464G.A (p.Arg155His) and c.902C.G (p.Ser301Cys), affect highly conserved sites and are predicted to be pathogenic by 3 databases (Single Nucleotide Polymorphism/GO, SIFT, and PANTHER). The prevalence of LGMD2T in the Danish cohort was estimated to be 1.5%. Creatine kinase (CK) level was elevated in all patients (table).
Neurophysiology. EMG showed a myopathic pattern mostly in proximal muscles, and repetitive stimulation disclosed a decremental response primarily in the proximal muscles at 3-Hz stimulation of the radial, peroneral, and spinal nerves with recordings from the anconeus, tibialis anterior, and trapezius muscles (11%-29%). However, treatment with acetylcholine esterase inhibitors had only substantial effect in one of the 3 participants (case 3) in whom this was tested. In this latter patient, the decrement also decreased on repetitive stimulation. 
DISCUSSION
LGMD2T, (2) 3 new mutations in GMPPB, (3) variable loss of glycosylation tested with IIH6 and VIA4 antibodies, and (4) a prevalence of LGMD2T of 1.5% in Denmark. Muscle MRI and pattern of weakness have not been investigated in the approximately 14 other known ambulatory patients with LGMD2T reported so far. The pattern of preferential affection of lumbar erectors and hamstrings resembles the pattern observed in LGMD2A and is supported by findings reported in one other patient with LGMD2T. 6 Calf hypertrophy in 4 of the participants is in agreement with previous findings in LGMD2T. 4 The muscle involvement evaluated on MRI was not correlated with the duration of disease (table) . This may be due to the patients' different understandings of disease onset as this was self-reported.
Approximately 90% of patients with LGMD followed at the Copenhagen Neuromuscular Center have a molecularly defined diagnosis. The remaining undiagnosed 10% of cases were tested for aberrations in GMPPB. Thus, in a genetically well-characterized group of 201 LGMDs, LGMD2T constitutes 1.5%. Future studies must show whether there are geographic differences in frequency of this disorder.
We found that the level of GMPPB protein was the same in patients and healthy controls. This can be attributed to the allele carrying the c.79G.C mutation because the c.859C.T mutation has been shown to yield no protein, whereas the c.79G.C does. 6 Patients had decreased a-dystroglycan glycosylation. This presumably affects the binding of a-dystroglycan to merosin, explaining the loss of merosin seen on Western blots, and thus linkage to the extracellular matrix. Presumably because of differences in sensitivity between Western blotting and immunofluorescence, merosin appeared near normal and uniformly distributed, not mosaic as seen in the VIA4 and IIH6C stains. Three of the participants, carrying the same mutations, had reduced a-dystroglycan glycosylation assessed with the IIH6C antibody, but not VIA4, but another case with different mutations had reduced glycosylation with the VIA4 antibody (figure e-1). Patients with LGMD2I and 2M always show reduced glycosylation of a-dystroglycan with the VIA4 antibody. 9, 10 This demonstrates that both the VIA4 and IIH6C antibodies, commonly used for the diagnosis of dystroglycanopathies, are required for diagnosing patients suspected to have a-dystroglycan glycosylation defects.
It has been suggested that the c.79G.C mutation leads to a mild phenotype of LGMD2T 5 and the c.859C.T to a severe one. 6 Three cases were compound heterozygous for these 2 mutations in GMPPB, and MRI from these patients showed severe muscle involvement in comparison with case 4, who carried 2 mutations associated with the mild MRI involvement, thus indicating a genotype/phenotype relationship. This fits the pattern seen in the present 17 known a-dystroglycanopathies, where phenotype/genotype relationships are generally recognized.
In accordance with previous findings in LGMD2T, 6 repetitive EMG stimulation elicited a decrement of the muscle action potential, while attempts to treat the abnormality of neurotransmission have been sluggish at best. In line with this, only one patient had improved endurance on treatment with pyridostigmine. These findings suggest abnormalities of the neuromuscular junction related to abnormal glycosylation, which cannot be completely corrected by conventional antimyasthenic treatment. Thus, in a context of LGMD with high CK levels, a decremental response may be an important diagnostic clue toward genetic analysis of GMPPB.
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